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り付けたモデル，円周の 1/2 バネ(Up)，残り 1/2 バネ(Down)にしたモデル，同様に 1/4，
1/8，1/16，1/32，1/64 ごとに非線形バネの方向が入れ変わるモデルを用意した．応答解
析をする前に固有値解析を行った。1 次の共振周波数は 161Hz であった．応答解析は過渡
応答解析と周期加振の解析を行った．1 点を加振した．実際のスピーカ同様にボイスコイ
ル位置での加振も行った．過渡応答では入力は半三角波パルスとした．パルスの最大値 F
を F = 0.98N, 9.8N, 49.0N, 98.0N.と変化させて与え時刻歴波形を求めたパルス幅は







































































学 位 論 文 の 要 旨 
  Vibration and acoustic analysis of speaker considering air viscosity and nonlinear restoring 
force of edge                                      
             
         Name Mitsuharu Watanabe 印 
 
In the recent years, televisions, personal computers, etc., have become thinner and lighter, and new products such as smartphones are being introduced at a rapid pace. A recent trend that promotes weight reduction in automobiles is also becoming increasingly prevalent. For this reason, loudspeakers must be thin and lightweight, and must often be accommodated within a very small space. Adjustment of acoustic properties thus becomes difficult, because of the insufficient gap with the surrounding parts and the mounting method. In addition, it is sometimes required to make the volume as small as that of a large loudspeaker unit. Therefore, the amplitude of the diaphragm must be increased. 
 Recently, characteristic prediction, analysis, and optimization using simulation (CAE) are being increasingly employed to obtain desired characteristics.   There are several problems associated with the simulation in loudspeakers. In this paper, we focus on two of these problems. One is related to a nonlinear simulation of the amplitude of the diaphragm in a loudspeaker that produces distortion of the responses under large amplitude. A method is numerically investigated to reduce the distortion due to the nonlinearity in the restoring force of the edge of diaphragm. The second involves a simulation that considers the influence of air viscosity and thermal attenuation on acoustic propagation through extremely narrow air gaps between tiny parts in the downsized speakers. First, the nonlinear simulation of the wave distortion for the diaphragm and its reduction method are investigated. Multiple nonlinear complex springs were installed around the circumference of a circular plate serving as a diaphragm, and the effect of installing the nonlinear complex springs on reducing the secondary distortion was investigated. The reduction of tertiary distortion was not considered. In our study, springs were installed around the periphery of a diaphragm modeled using finite elements. The peripheral spring was represented by linear complex springs and quadratic and cubic nonlinear springs. The nonlinear response analysis of the distortion reduction by shape was investigated. Vibration analysis was carried out by changing the sign of the quadratic nonlinear spring attached to the circumference of the peripheral part, and the influence on the secondary distortion was clarified. Unlike a linear spring, a nonlinear spring has a direction with respect to a quadratic nonlinear term and behaves differently depending on the direction of the spring. In the study using numerical models, there was a model in which the direction of the all nonlinear springs was same. Further, there were numerical models in which the direction of the nonlinear spring changed every 1/2, 1/4, 1/8, 1/16, 1/32 and 1/64 interval of the circumference of the diaphragm. Eigenvalue analysis was performed before the response analysis. The modal loss factors were also computed by Modal Strain Energy Method. The primary resonance frequency was 161 Hz corresponding to the piston mode of the diaphragm. For the response analysis, the transient response analysis and an analysis of periodic excitation were performed. Not only one point excitation on the diaphragm but also excitation at the voice coil position by following the actual speaker were carried out in the numerical simulation. In the transient response, the input was a half-triangular wave pulse. The maximum value of the pulse, F, was varied as F = 0.98 N, 9.8 N, 49.0 N, and 98.0 N. The pulse width was sec. For the periodic excitation, the excitation frequency was set to 161 Hz near the piston mode. As a result, the secondary distortion becomes smaller for shorter intervals between the upward and downward directions of the nonlinear springs. Next, a simulation that takes into account the effects of air viscosity and thermal attenuation was described. In our work, the sound pressure distribution inside a tube was analyzed considering the air viscosity using our proposed finite elements for compressible viscous gas. A simple straight acoustic tube model was used. The effects of air viscosity inside the acoustic tube on the responses were compared with the responses from the Biot’s theoretical formula and verified. In addition, we solved discrete equations for the FEM model for the ear simulator which is generally used as the international standard. The calculated responses were compared with the standard value. First, a finite element for a compressible viscous gas was originally formulated. In the simulation, three thin tube models of φ 0.5mm, 0.8mm, and 1.0mm were prepared. Using one end of the pipe as the excitation point, vibrations with constant displacement were applied. The observed frequency was the audible band of 20 Hz to 20 kHz. There were two types of simulations. One was direct simulation by FEM using our proposed finite elements for compressible gas 
with air viscosity. Another was a simulation that considers the effect of damping by defining the air viscosity and heat as complex density, complex sound speed, and complex wave number. We compared these two simulation results with theoretical values. In the result, peaks were observed at the resonance positions of 10 kHz and 20 kHz, for any diameter. As the diameter decreased, the attenuation of the peak became stronger and the position of the resonance peak moved slightly to the low-frequency region. Theoretical values and the original simulation results were also in agreement. Subsequently, analysis and measurement of the ear simulator defined in IEC 60318 were carried out. The ear simulator was acoustically adjusted with slits of 0.17 mm and 0.01 mm. The results of actual measurements, standard values, and numerical values were close to each other. The effectiveness of our proposed method was demonstrated for complicated gaps and thin tubes 
